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What is claimed is: 

1. An isolated nucleic acid molecule which encodes a phosphatidylinositol-3' 
kinase associated protein that binds to the intermediate SH2 domain on the 
regulatory Subunit of PI3K by the associated protein's C-terminal amino acids, 
and that : 

a) encodes the amino acid sequence of SEQ ID NO: 2; or encodes the amino acid 
sequence encoded by the cDNA contained in the cDNA clone as deposited with ATCC 
having accession No. 98189: or 

b) that hybridizes under highly stringent conditions to said nucleic acid 
molecule that encodes said phosphatidylinositol-3* kinase associated protein. 

2. An isolated nucleic acid molecule which: 

a) encodes a phosphatidylinositol-3' kinase associated protein comprising the 
amino acid sequence SEQ ID NO: 2; or the amino acid sequence encoded by the cDNA 
contained in the cDNA clone as deposited with the ATCC having accession number 
98199; or 

b) that hybridizes under highly stringent conditions to said nucleic acid 
molecule that encodes said phosphatidylinowitol-3 ' kinase associated protein. 

3. A nucleotide vector containing the nucleotide sequence of claim 1. 

4. An isolated nucleotide sequence encoding a chimeric protein comprising the 
nucleotide sequence of claim 1 fused to a second nucleotide sequence that encodes 
a heterologous polypeptide. 

5. An expression vector containing the nucleotide sequence of claim 1 in 
operative association with a nucleotide regulatory sequence that controls 
expression of the nucleotide sequence in a host cell. 

6. A host cell that has been genetically engineered to contain the nucleotide 
sequence of claim 1. 
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7. A host cell that has been genetically engineered to contain the nucleotide 
sequence of claim 1 in operative association with a nucleotide regulatory 
sequence that controls expression of the nucleotide sequence in the host cell. 
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Abstract Bromodomains, an extensive family of evolutionary 
conserved protein modules originally found in proteins associated 
with chromatin and in nearly all nuclear histone acetyltrans- 
ferases, have been recently discovered to function as acetyl-lysine 
binding domains. More recent structural studies of bromodo- 
rnain/peptide ligand complexes have enriched our understanding 
of differences in ligand selectivity of bromodomains. These new 
findings demonstrate that bromodomain/acetyl-lysine recognition 
can serve as a pivotal mechanism for regulating protein-protein 
interactions in numerous cellular processes including chromatin 
remodeling and transcriptional activation, and reinforce the 
concept that functional diversity of a conserved protein modular 
structure is achieved by evolutionary changes of amino acid 
sequences in the ligand binding site. © 2002 Federation of 
European Biochemical Societies. Published by Elsevier Science 
B.V. All rights reserved. 

Key words: Bromodomain; Chromatin remodeling; 
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1. Introduction 

The bromodomain, first reported in the Drosophila protein 
brahma (hence the name) [1,2], represents an extensive family 
of evolutionarily conserved protein modules found in many 
chromatin-associated proteins and in nearly all known nuclear 
histone acetyltransferases (HATs) [3]. While it has been long 
suggested from yeast genetic studies that bromodomains play 
an important role in chromatin remodeling [4-7], their specific 
biological functions only began to emerge after the recent 
discoverylhat bromodomains function as acetyl-lysine bind- 
ing domains [8-11]. This new finding suggests a novel mech- 
anism for regulating protein-protein interactions via lysine 
acetylation, which has broad implications for the mechanisms 
underlying a wide variety of cellular events, including chro- 
matin remodeling and transcriptional activation [12-14], Such 
a mechanism supports the hypothesis that bromodomains can 
contribute to highly specific histone acetylation by tethering 
transcriptional HATs to specific chromosomal sites [4,15,16], 
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and to the assembly and activity of multi-protein complexes of 
chromatin remodeling such as SAGA and NuA4 [17,18]. 
Moreover, bromodomain/acetyl-lysine recognition may also 
help understand the underlying molecular mechanisms for a 
wide range of phenotypes linked to bromodomain deletion. 
For example, it has been shown that the bromodomain mod- 
ule is indispensable for the function of GCN5 in yeast [19,20]. 
Deletion of a bromodomain in human HBRM, a protein in 
the SWI/SNF remodeling complex, causes both decreased 
stability and loss of nuclear localization [21,22], Bromodo- 
mains of Bdfl, a Saccharomyces cerevisiae protein, are re- 
quired for sporulation and normal mitotic growth [23]. Fi- 
nally, bromodomain deletion in Sthl, Rscl and Rsc2, three 
members of the nucleosome remodeling complex RSC (re- 
modeling the structure of chromatin), can cause a conditional 
lethal phenotype (in Sthl) [24] or a strong phenotypic inhibi- 
tion on cell growth (in Rscl and Rsc2) [25]. It is important to 
note that the phenotypic effect observed in Rscl and Rsc2 
results from deletion of only the second but not the first 
bromodomain, suggesting that these two bromodomains serve 
distinct functions through interactions with different biologi- 
cal ligands [25]. In this minireview, we focus on the recent 
studies on ligand specificity of bromodomains. 

2. The bromodomain structure 

The three-dimensional structure of a prototypical bromo- 
domain from the transcriptional co-activator p300/CBP-asso- 
ciated factor (P/CAF) determined by using nuclear magnetic 
resonance (NMR) spectroscopy showed that the bromodo- 
main adopts an atypical left-handed four-helix bundle (helices 
ctz> "A, ct B and etc) (Fig- 1A) [8]. A long intervening loop 
between helices c<z and c<a (termed the ZA loop) is packed 
against the loop connecting helices B and C (named the BC 
loop) to form a surface-accessible hydrophobic pocket, which 
is located at one end of the four-helix bundle, opposite the 
amino and carboxy termini of the protein. Mutagenesis stud- 
ies suggest that tertiary contacts amongst the hydrophobic 
and aromatic residues between the two inter-helical loops con- 
tribute directly to the structural stability of the protein [8]. 

This unique structural fold is highly conserved in the bro- 
modomain family, as supported by several more recently de- 
termined structures of bromodomains from human GCN5 
[11] and S. cerevisiae GCN5p [10] as well as the double bro- 
modomain module of human TAFn250 [9]. The structural 
similarity amongst these bromodomains is very high for the 
four helices with pairwise root-mean-square deviations of 0.7- 
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Fig. 1. Differences in ligand selectivity of bromodomains. A: The NMR solution structure of the P/CAF bromodomain (blue) in complex with 
an lysine-acetylated peptide (green) derived from HIV-1 Tat at K50 (SYGR-AcK-KRRQR). B: The crystal structure of the scGCNSp bromo- 
domain (red) in complex with a histone H4 peptide (green) containing K16 (A-AcK-RHRKILRNSIQGI). C: Stereoview of the scGCN5 bro- 
modomain structure showing interactions of the protein (red) and the H4 peptide (green) residues in the ligand binding sites. D: Stereoview of 
the P/CAF bromodomain structure showing interactions of the protein (blue) and the Tat peptide (green) residues in the ligand binding sites. 
The protein residues are numbered according to the sequences, and the peptide residues are annotated according to their positions with respect 
to the acetyl-lysine. 



1 .8 A for the backbone C a atoms. The majority of structural 
deviations are localized in the loop regions, particularly in the 
ZA and BC loops. This observation is in an agreement with 
the relatively high sequence variations in these loops (Fig. 2) 
[3]. The modular structure supports the notion that bromodo- 
mains act as a functional unit for protein interactions, and 
multiple bromodomain modules can be placed sequentially in 
a protein to serve similar or distinct functions [3,8]. 

3. Bromodomain as an acetyl-lysine binding domain 

The discovery of acetyl-lysine recognition by bromodo- 



mains is attributed to the unique ability of NMR spectroscopy 
to measure changes of local chemical environment and/or 
conformation of a protein induced upon binding to a ligand. 
Weak but highly specific interactions between a protein and a 
ligand (with a dissociation constant Kt> in the |iM-rnM range) 
can thus be detected with NMR. NMR titrations of the 
P/CAF bromodomain revealed that the protein can bind to 
lysine-acetylated peptides derived from major acetylation sites 
on histones H3 or H4 in a highly specific manner, and the 
interaction is dependent upon acetylation of lysine [8]. This 
observation was confirmed subsequently by the NMR study 
of the human GCN5 bromodomain binding to lysine-acety- 



126 



L Zeng, M.-M. ZhoufFEBS Utters 513 (2002) 124-128 



^0 740 7M> 760 600 820 

I . I . * I I I 

hs P/CA? SKEPRDPDQLafSTLKSIIiQQfVKSHQ SAWPFhE . PVKRTB . . APgYyeVirfP . . . MULRIMSERLKHR . . . YTVSKKLFTODLQRVFTftCKBYNPP . . ESEYYKCANILEKFTrSKI KEXG 

OCCCKS AQRPKRGP . HDAAICOTLTELOKHA AAWPFlQ . PVkXEE . . VPoYvbPlKEP . . . HpLSTMEXKLESM . . . KTQKMEDriyiURLVFTjNCRMYNCE . . ^YyKYAHRI^XFTKWKVKEI P 

hflCCHS CKEUCDPDftL3miJCHU>QIKSMP SAWPFHE . PVKKSE . . APdY TffiVtRFP . . . I DUOKPERIASP, . . . yrvnWO^VMa^BVlANCRKyNPP , . DSEYCfcCASAkEKFTYrKLKEQC 

raaOCNS GKEUO>PDQIJmTjaiUJ«IKSHP SAWPFKE . PVKKSE . . APdYYEViRFP ... I DLKraTTOtJRSR . . . VYmtKIJWmLQBfvi^ . . tUEYCROiSAUOCFFYfiaJCSC^ 

1 1 P55 LKKSKERS . FHLQCAWVI EWMKEHK <JS . WP PLO . pVNKDD . . VPDYYDVlTDP . . . IDIKAIjEKKLQHH. - - OTVDRDOFI KCVKtU PTHAkI YNqP . . DTI YYKAAKELEDFVEPYLTKLK 

sSHTZiX SPHPPKLTRCTOUI IDTV1NYKDSS . . CP.QLSEVFIQLpSPK . B . . LPfiY YtLlRKP . . . VDrKKIKERIRUH . . . KTRSLGCLEKDV>OJjCHNAQTFNlE - - ^lY^XVLQSVFKSARQKXA 

hsBRGl S PUPPKLTKf90QCZyDAyiKYKDSS . SGP.QLSEVFIQLPSRK .E. . LPeYYELIRRP . . . VOTqUKERIRHH. . . KYP^LriDZJEKl7VKlXCQHACTFNl£ . . OS^YEDSIVUJSyPTSVRGKIE 

heCBP KK1FK. PEEl«ftM*KrrLEAl.VEQO : . . . PESLPFrq. PVdpqLLGIPdYFDIvKNP . . .HCt^WORKtOTG : . . <rrQEI^YVbOVWlJ4nm^Y^K , . T^VifKPttKLAEVTlXiE^PVM 

maCBP KKIFK. PEEUtQAUfpTUEALYltQD PESLPFftO - pVdPQLLGIPoYfdIvKMP . . .HctolKRKLDTG . . . QYQEPWQVVDCVRIJKP14HAWl*YNPK . . TSRVyKY^I0*BVFE3EIDP\W 

CttCBP DTVTS . QEDLX RFTXPVWEKLDKS E DAAPFRV . pVdAKJjIjNIPdYHEII KRP . . . MDU5TVHKKLYAC . - . QTQIIAGQFCia>I WLHLI>NAwlYNp. K . . NS*WtCrcUa£EKFV5EKDPVM 

hsP300 KKIFK. PEELRfthub^n^JVLYROD PSSLPFrQ. pVdPQLIXSIPdYFDIVKSV. . .MDLSTIKRKLOTC. . . QYQBPWQVVDDIWJIPWNAw*YNrK . . TSRVYKYCSKLSEVraQEEDSVM 

ccBDFl- X MPI PKHQQKHALLMKAVKRLR . OARPFUQ . pVDPVKLOIPpYFUYIKRP . . .HBLSTtERKLWG . . . AYeVPEQITTOFNIJfJKNS I KFNg P . . JwkXSQMARmOASFEKMOJWP 

*cEOFl- 2 KSKRLQ . QAKKFC^SVLKEUAKKH . . . ASYNYPFLE . pVdPVSMNLPtYFDYVKEP . . .Mt^OTTAKKLiaw. . . OYQTKEpFER£VfP^VFKNCY?FNPD . . OTlVta»IGHRJUEEVTO 

h«TAF2d 1 PJtim)PKVT£sS XLESI UBNR&L PWtVPFHT . P VHAK V . „ VKDYYKllTRP . . . HDtQTUUEMWRKR . . . LY PSREEITIEHLELIVKJSISatYNC P . . KHSl^XSQ^^LCTCTJCEKE 

hsTAF2d2 LLDDDpOyAFSf ItXWiyT&K»«V .... PDSWPFHH . pVhKKF . . VPoYYKViWP ... MDLETXRKHXSKH . . . KY^RESFli)tMtt^l^SyKW«GP . . KSgYr^ 

hfiTI Flo VKLTPIOKRICEldjija.YCME ; . . MSLAFqO . P VPLT . - . VPoYykI X KNP . . . HDI^STI kKRLQEDYS . KTS KPEDFVADFRLI PQNCAEFNE P . DSEVAjWDX KUmrSBLUOHUT P 

nmTI rta TKLTPIDKRHCEfUUtJUPLYCHE , . RSLAFqO . PVPLT . - . VPdYyK II KNP . . . MDLSTI KKRLQECYC . MYTKPEWFVADFRI*IPQNCAeFNEP . DSEVJUt&CIKIiE^F£XlXKKt.Y P 

h«TI F10 AKLtSPAMQftKCERVIIjAUCHEi , PCRFLhOLAT . DStP. SU)Q . IWTlJaLTtlPJ^a^EKLSPPY 

sunTX P10 AKUS PAMQRKCERVUALFCHE . , PCRPLHOLAT . DStF . SMBQ . pam*Dt,Ttl ^iRAttLQEKLS PPYSS P<lEFX«>WatWPkQ . J . FNKL TEDKAdvQSI IClJQ^rFETPmCX 

hsTX FlY <^LSPVWRKCERLLLYLYCHE LSlEFQE. PVPAS « . * IPmYYKIIKKP . . . Koi^TVKK}Oi0KKHSQKYQII>DOPVAi>VRX^P 

ggPBX - X NLPTVDPXAVCHELYNTIROYKDEQ . .CRLLCELFlRAPKpj»N . . . QPdYYEWsQP . . . XOLMXXQQKLRME. EYOXWNVt/TADFQ . LLFtftlA . . . ^YYtCPOSPSYKAACKUfELYL 

9flPBX-2 SS PGYL . KEXT^LLEAVAVATW . . PSCRLISELFQKLPSKVQ YPdYYAIXKEP. . . 1 DI*KTI AQRIQMG . . . TYI^IHAMAKOIOXAAKNAKTYNeP . .G^VFXDANAIiOCtFltfKKAEIE 

ggPBl -3 T3rHDTSNPLYQLYI)TVRSCRKt*QG . . . QLXSEPFFQLPSKKK . . . YPoYYqQXKTP . . ; Xfii^QIRAKLKMH, . . EYETIXQI^AIUJIlJlFENAWlYNVP . . ^lYKRVLntQCVMQAKKKEXA 

ggPBl-4 SKKHKRKQRMCX LYmvL£ARSSGT . . QRRIjCOLFKVKPS KKD . . . Y PDYYK IlLEP ... KDLKKX SHNXRND . . . KYVCEI^ I DCWKLHFP.NAPJH YNEE . . <^^VYKDA»<LEK I LKEKRKELC 

ggPBl -5 KKSKYJfTPHQQKUfEW . * . LPoYyiTlKKP . . VCKEKIRSHMENAH. . - KYODIDS>r/EDr^«FtlNACTYNCP - . E^iJCY70)ALVLHKV1XETPRSIE 

«z ZA a A a* BC etc 



Fig. 2. Structure-based sequence alignment of a selected number of bromodomains. The sequences were aligned based on the experimentally de- 
termined structures of five bromodomains, highlighted in orange. Note that in the P/CAF bromodomain a short helix in the ZA loop compris- 
ing the YYEVI sequence (boxed by dashed lines) was only observed in the free but not in the peptide-bound form. The predicted secondary 
structures in the other bromodomains are shaded in green. Bromodomains are grouped on the basis of the predicted structural similarities. Res- 
idue numbers of the P/CAF bromodomain are indicated above its sequence. Absolutely (purple) or highly (blue) conserved residues are high- 
lighted. In P/CAF, the residues directly interacting with the Tat peptide are shown in a larger font size, and residues essential for the acetyl-ly- 
sine binding, as supported by mutagenesis, are underlined. P/CAF residues important for ligand specificity via interactions with the residues 
flanking AcK in the Tat peptide are highlighted by red asterisks. In scGCNS, protein residues contacting the acetyl-lysine in the H4 peptide 
are underlined, and residues contacting other parts of the peptide are indicated by red dots. 



lated histone H4 peptides [11]. The NMR structural analysis 
of the P/CAF bromodomain in complex with acetyl-hista- 
mine, a chemical analog of acetyl-lysine, showed that the ace- 
tyl-lysine binding site is indeed localized to the hydrophobic 
cavity between the ZA and BC loops [8]. The intermolecular 
interactions are largely hydrophobic in nature, with the meth- 
yl and methylene groups of acetyl-histamine making extensive 
contacts with the side chains of V752, A757, Y760, Y802, 
N803 and Y809, which are highly conserved throughout the 
large family of bromodomains (Fig. 2) [8]. 

A crystal structure of scGCNSp bromodomain solved in 
complex with an acetylated peptide derived from histone H4 
at K16 (A-AcK-RHRKILRNSIQGI, where AcK is an N*- 
acetyl lysine) reveals the atomic details of the acetyl-lysine 
recognition (Fig. IB) [10]. In addition to binding to the con- 
served hydrophobic and aromatic residues seen in the P/CAF 
bromodomain, the acetyl-lysine forms a specific hydrogen 
bond between the oxygen of the acetyl carbon yl group and 
the side chain amide nitrogen of an absolutely conserved as- 
paragine, N407 (corresponding to N803 in P/CAF) (Fig. 1C). 
A network of water-mediated hydrogen bonds with protein 
backbone carbonyl groups at the base of the cleft also con- 
tributes to acetyl -lysine binding. Site-directed mutagenesis 
confirmed the critical role of these amino acid residues in 
binding to acetyl-lysine, suggesting that acetyl-lysine recogni- 
tion is a general feature of bromodomains [8]. While the ma- 
jor binding determinant in the scGCNSp bromodomain-H4 
peptide complex is the acetylated lysine itself, the protein also 
has a limited number of contacts with residues at (AcK+2) 
and (AcK+3) in the H4 peptide. Specifically, binding of the 
aromatic ring of histidine at (AcK+2) interacts directly with 



aromatic side chains of Y406 and F367, which are conserved 
in the bromodomain family (Fig. 1C). 

4. Differences of ligand selectivity 

The understanding of ligand selectivity of bromodomains is 
greatly enhanced by the recent structural analysis of a highly 
selective association between the P/CAF bromodomain and a 
lysine-acetylated fra/is-activator protein Tat of human immu- 
nodeficiency virus type 1 (HIV-1) [26]. Tat stimulates tran- 
scriptional activation of the integrated HIV-1 genome and 
promotes viral replication in infected cells [27-31]. Tat trans- 
activation activity is dependent on acetylation at K50 by the 
nuclear histone acetyltransferase p300/CBP and consequent 
association with P/CAF via a bromodomain interaction [32- 
34]. This bromodomain-mediated interaction results in the 
release of lysine-acetylated Tat from TAR RNA association, 
leading to Tat-mediated HIV-1 transcriptional activation [35- 
37]. Deletion of P/CAF C-terminal region comprising the bro- 
modomain potently abrogated Tat transactivation of inte- 
grated, but not unintegrated HIV-1 LTR [35]. 

The new NMR structure of the P/CAF bromodomain in 
complex with an acetylated Tat K50 peptide (SYGR-AcK- 
KRRQR) showed that in addition to the acetyl-lysine, resi- 
dues flanking both sides of the acetyl-lysine are important for 
the complex formation (Fig. ID). Y(AcK— 3) forms extensive 
contacts with Y802 and V763, whereas R(AcK+3) and 
Q(AcK+4) directly interact with E756. These specific interac- 
tions, confirmed by site-directed mutagenesis, confer a highly 
selective association between the P/CAF bromodomain and 
Tat [26], The extensive ligand interactions explain why the 
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P/CAF bromodomain binds to the Tat AcK50 peptide with a 
binding affinity (K D ~ 10 nM) about 30-fold higher than that 
for a histone H4 AcK16 peptide (K D ~3Q0 \iM) [26]. The 
differences in ligand selectivity further explain the striking 
differences in both location and orientation of the bound pep- 
tides in the P/CAF and scGCN5 bromodomains - the back- 
bones of the Tat and H4 peptides lie in parallel in the two 
corresponding structures but are oriented nearly opposite to 
each other (Fig. 1C and D). Despite these differences, it is 
interesting to note that scGCN5p binding of H4 H(AcK+2) 
is reminiscent of P/CAF bromodomain recognition of Tat 
Y(AcK-3) via residues Y802 and V763, which are equivalent 
to residues Y406 and F367 in scGCNSp. Because of this sim- 
ilar mode of molecular interaction, the two aromatic residues, 
which are located in very different positions in the Tat and H4 
peptides with respect to the acetyl-lysine, are found surpris- 
ingly to be in a nearly identical position in the corresponding 
bromodomain structures (Fig. 1C and D). High conservation 
of these residues in bromodomains suggests that selection of 
an aromatic or hydrophobic residue neighboring the acetyl- 
lysine is possibly a common mechanism in the bromodomain 
family (Fig. 2). 

5. Perspective 

Since bromodomain residues important for acetyl-lysine 
recognition are largely conserved, binding of lysine-acetylated 
proteins is likely a general biochemical function for bromodo- 
mains. However, differences in ligand selectivity may be at- 
tributed to a few but important differences in bromodomain 
sequences (Fig. 2), which include (i) variations in the ZA 
loops, which have relatively low sequence conservation and 
amino acid deletion or insertion in different bromodomains; 
and (ii) differences in bromodomain residues that directly in- 
teract with residues surrounding acetyl-lysine in a target pro- 
tein. For instance, E756 in the bromodomain of P/CAF is 
unique and only present in a small subset of bromodomains 
from proteins including GCN5. An analogous residue in the 
bromodomain of CBP or p300 is a leucine residue followed by 
a two amino acid insertion that is also present in a small 
subfamily of bromodomains (Fig. 2). Moreover, a short helix 
corresponding to the AWPFM sequence in the ZA loop of P/ 
CAF (residues 745-749) is likely to be completely missing in 
the TIF l[i bromodomain due to an amino acid deletion. E756 
of P/CAF is substituted with a two-residue AT motif in the 
TIFlp sequence. These differences in the ZA loop may explain 
why the CBP and TIFlfJ bromodomains did not interact with 
Tat AcK50 peptide [26]. 

In summary, the recent structural studies of bromodomains 
demonstrate that like Src homology 2 (SH2) and phosphoty- 
rosine binding (PTB) domains [38-41], which specifically rec- 
ognize tyrosine-phosphorylated proteins in signal transduction 
[42,43], bromodomains can also bind with high selectivity to 
lysine-acetylated proteins through specific interactions with 
amino acid residues flanking the acetyl-lysine [10,26]. This 
new knowledge of ligand specificity will undoubtedly facilitate 
our understanding of molecular mechanisms underlying spe- 
cific biological functions of bromodomains in cellular process- 
es including chromatin remodeling and transcriptional activa- 
tion. These structural studies further emphasize the concept 
that functional diversity of a conserved protein modular struc- 
ture is achieved by evolutionary changes of amino acid se- 



quences in the ligand binding site. Tracking such an evolu- 
tionary trail on the functional divergence of bromodomains 
(particularly involving the ZA loop) will require detailed 
knowledge of protein structure-function relationships, which 
can be only acquired from three-dimensional structures of 
new bromodomain/bioiogical ligand complexes. 
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The human immunodeficiency virus (HIV) Tat protein 
plays an essential role in promoting efficient transcrip- 
tional elongation of viral transcripts. We report that 
the transcriptional co-activator PCAF and Tat inter- 
act and synergize to activate the HIV promoter. The 
binding of Tat and PCAF in vitro and in vivo is 
dependent on the acetylated state of LysSO of Tat and 
on the PCAF bromodomain. Structural analysis of the 
acetylated Tat peptide bound to the PCAF bromodo- 
main defined amino acids Y47 and R53 in Tat and 
V763, Y802, and Y809 in PCAF as critical interaction 
points between the two proteins. Mutation of each of 
these residues in either Tat or PCAF inhibited in a 
cumulative manner the Tat-PCAF interaction in vitro 
and in vivo, and abrogated the synergistic activation 
of the HIV promoter by both proteins. These observa- 
tions demonstrate that acetylation of Tat establishes a 
novel protein-protein interaction domain at the sur- 
face of Tat that is necessary for the transcriptional 
activation of the HIV promoter. 
Keywords: acetylation/bromodomain/HIV/PCAF/Tat 



Introduction 

The Tat protein of human immunodeficiency virus (HIV) 
is a unique viral transactivator that binds to the Tat- 
responsive element (TAR), an RNA stem-loop structure 
that forms at the 5' extremity of all viral transcripts 
(Cullen, 1998; Karn, 1999). In the absence of Tat, HTV 
transcription is highly inefficient because the assembled 
RNA polymerase II complex (RNAPII) cannot elongate 
efficiently on the viral DNA template (Garber and Jones, 
1999). The binding of Tat to TAR stimulates the 
production of full-length HTV transcripts, and the integrity 
of the Tat/TAR axis critically determines the dynamics of 
viral replication in infected cells. 



Recent experiments have defined the role of Tat in HTV 
transcription as an adaptor that co-ordinates the recruit- 
ment of critical co-factors near the transcription start site 
in the HIV promoter. Distinct functional domains of Tat 
are involved in the recruitment of different co-factors. The 
N-terminal cysteine-rich region interacts directly with the 
cyclin Tl/cyclin-dependent kinase 9 (CDK-9) complex 
(Wei et al, 1998). Recruitment of CDK-9 is thought to 
lead to hyperphosphorylation of the C-terminal domain 
of RNAPII and increased elongation efficiency. The 
C-terminal arginine-rich motif (ARM) in Tat is essential 
for RNA binding and nuclear localization. A single lysine 
residue in the ARM, K50, becomes acetylated by the 
transcriptional co-activator p300 in vitro and in vivo 
(Kiernan et al, 1999; Ott et al, 1999). Mutation of K50 to 
arginine, a mutation that conserves the local charge but 
prevents acetylation by p300, markedly decreases the 
synergistic activation of the HIV promoter by Tat and 
p300 (Ott etal, 1999). 

Reversible acetylation of lysine residues was first 
identified in histone proteins and plays an essential role 
in transcriptional regulation. Non-histone proteins includ- 
ing the transcriptional regulators TF„E, TF n F, p53, EKLF, 
GATA-1, HMGI(Y), HMG17, ACTR, MyoD and E2F1 
are also reversibly acetylated (for a review see Kouzarides, 
2000). In the case of chromatin, the level of acetylation of 
distinct lysine residues in each histone protein is under the 
control of competing histone acetylases (HATs) and 
histone deacetylases. Histone hypoacetylation is generally 
associated with transcriptional repression, while histone 
hyperacetylation has been correlated with transcriptional 
activation. Early models proposed that histone acetylation 
leads to a global neutralization of positive charges on 
histones and loosening of the histone-DNA interaction at 
transcriptionally active sites. However, recent data suggest 
that acetylated lysine residues on histone tails serve as a 
recognition code for the co-ordinated recruitment of 
specific factors (the 'histone code' hypothesis; Strahl and 
Allis, 2000). According to this model, acetylated lysine 
residues in the histone tails interact with a specialized 
protein module, the bromodomain (Dhalluin et al, 1999; 
Jacobson et al, 2000). I^modonMns^ a 
variety-of- -proteins, ind^mg" nuclear HAT proteins/ 
idnases~and chromatin remodeling : factors , (Jeanmougin 
~eldl;\991)'r 

To test the possibility that acetylated Tat also interacts 
with a bromodomain, we tested a variety of bromodomain- 
containing proteins for potential interaction with the 
acetylated ARM peptide of Tat. We observed that 
PCAF, a transcriptional co-activator containing a bromo- 
domain, interacted specifically with acetylated Tat 
(Mujtaba et al, 2002). 

The goal of this study was to investigate the Tat-PCAF 
interaction and to examine its relevance to the transcrip- 
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Fig. 1. Functional synergy and physical interaction between HIV Tat 
and PCAF. (A) Synergistic activation of the HIV promoter by Tat and 
PCAF. A PCAF expression vector (HA-PCAF) (Yang et al, 1996b) or 
a control empty vector was co-transfected with an HIV Tat expression 
plasmid (Tat-FLAG) (Ott et ai, 1999) and the LTR-luciferase reporter 
construct into HeLa cells. Cells were harvested after 24 h, and the luci- 
ferase activity was measured. Luciferase values represent the mean ± 
SEM of three independent experiments. (B) Tat and PCAF co-immuno- 
precipitate from cellular lysates. HEK 293 cells were co-transfected 
with HA-PCAF and Tat-FLAG expression vectors (+) or the corres- 
ponding empty vector controls (-). In the left panel, cellular lysates 
analyzed by western blot (WB) show equal protein expression. Equal 
amounts of protein (500 u.g/lane) were subjected to immunoprecipita- 
tion (IP) with the indicated antibodies and protein G-Sepharose. The 
immunoprecipitated material was analyzed by western blotting and 
antisera specific for the FLAG and HA epitopes (middle and right 
panels). 



tional activation process mediated by Tat. We demonstrate 
that Tat and PCAF interact specifically via the ARM 
domain of Tat and the bromodomain of PCAF in vitro and 
in vivo. This interaction is critically dependent on the 
acetylation of K50 in Tat. Tat and PCAF functionally 
synergize to activate the fflV promoter and amino acids 
that are critical for the interaction in vitro and in vivo are 
also important for the transcriptional activity of the Tat 
protein. 

Results 

Tat and the transcriptional co-activator PCAF 
interact functionaliy to activate the HiV promoter 

The identification of the bromodomain of PCAF as a 
protein module that specifically recognizes the acetylated 
ARM peptide (Mujtaba et aL, 2002) suggested that PCAF 
might play a role in the transcriptional activation of the 
HIV promoter. To test this possibility, we co-transfected 
expression vectors for PCAF and Tat and measured their 
combined effect on the activity of the HIV promoter. The 
HIV promoter was activated synergistics ly in response to 
Tat and PCAF (Figure 1 A). This synergy was particularly 
striking at low Tat concentrations and decreased at higher 
Tat plasmid concentrations (not shown). This synergy was 



160 

f 

5 120 
D 

2 

o 40- 



Tat-wt Tat-ftR 



PCAF - + - + 



B 



tysate 



Tat IP 

(aFLAG) 



PCAF WB 

(oHA) 

TatWB 
(aFLAG) 



Tat-Tfat- TfeMfct* 
wt RR - wt RR 




Fig. 2. Tat K50 is important for the synergy with PCAF and for Tat 
binding to PCAF. (A) Tat expression vector (Tat-wt or Tat-RR, in 
which K50 and K51 were replaced with arginine) was co-transfected 
with a PCAF expression vector and an LTR-luciferase reporter in HeLa 
cells. Luciferase values are the mean ± SEM of three independent 
transfection experiments. (B) Expression vectors for Tat-wt and Tat-RR 
(both FLAG tagged) were co-transfected with PCAF-HA. In the left 
panel, cellular lysates analyzed by western blot (WB) show equal 
protein expression. Equal amounts of protein (500 ug/lane) were sub- 
jected to immunoprecipitation (IP) with the anti-FLAG antiserum and 
protein G-Sepharose. The immunoprecipitated material was analyzed 
by western blotting and antisera specific for the FLAG and HA epitopes 
(right panel). 

specific for the HIV promoter and was not observed when 
another retroviral promoter, from Rous sarcoma virus, was 
co-transfected (data not shown). 

To determine whether Tat and PCAF can interact within 
cells, we co-transfected an expression vector for an 
epitope (FLAG)-tagged Tat protein with a hemagglutinin 
(HA)-tagged PCAF expression vector. Western blot 
analysis of lysates with antisera for FLAG and HA 
demonstrated comparable expression levels of both 
proteins after transfection (Figure IB). Cellular extracts 
of transfected cells were subjected to immunoprecipitation 
with antisera specific for the FLAG or HA epitope. The 
immunoprecipitated material was analyzed by western 
blotting analysis for both Tat and PCAF. PCAF co- 
immunoprecipitated with Tat in both directions. These 
experiments suggested that both proteins stably interact 
within cells and that this interaction might be important for 
their synergistic activation of the HIV promoter. 

Tat K50 and K51 are necessary for functional 
synergy and interaction between Tat and PCAF 

To test our original hypothesis that Tat binding to PCAF is 
mediated, at least in part, by the specific recognition of 
acetylated Tat by the bromodomain of PCAF, we replaced 
Tat residues K50 and K51 with arginines. This amino acid 
substitution blocks acetylation and conserves the local 
charge environment in the Tat protein. Comparison of the 
transcriptional activities of wild-type Tat (Tat-wt) and the 
Tat mutant (Tat-RR) showed that inhibition of Tat 
acetylation decreased the synergy between Tat and 
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PCAF by 70% (Figure 2A). In agreement with the 
functional data, we observed that mutation of K50 and 
K51 partially suppressed the interaction between Tat and 
PCAF in vivo (Figure 2B). 

Inhibition of Tat transactivation of the HIV 
promoter by an antiserum specific for the 
bromodomain of PCAF 

To further assess the role of the PCAF bromodomain 
in Tat activity, we raised a polyclonal antiserum 
using a recombinant PCAF bromodomain expressed in 
Escherichia coli. This antiserum specifically recognized 
PCAF by western blot in cellular extracts, and did not 
cross-react with cellular proteins (Figure 3A). It also 
exhibited high specificity, since the closely related 
bromodomain from the transcriptional co-activator CBP 



was not recognized, even when the antiserum was used at 
high concentration in an ELISA (Figure 3B). 

Next, we established a nuclear microinjection assay to 
measure Tat transactivation quantitatively. HeLa cells 
stably expressing a full-length Tat protein (HeLa-Tat) or 
control HeLa cells were microinjected with a construct in 
which the luciferase reporter is under the control of the 
HIV promoter. A construct expressing enhanced green 
fluorescent protein (GFP) under the control of the 
cytomegalovirus promoter (CMV-GFP) was co-injected 
to assess the number and viability of injected cells before 
harvest. In a representative experiment, luciferase values 
were 500-fold higher in HeLa-Tat cells than in control 
HeLa cells (Figure 3C). On average, 100 cells were 
injected per condition, and the survival rate was -75% in 
both cell lines (Figure 3C, middle panel). In agreement 
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Fig. 4. PCAF bromodomain directly interacts with acetylated Tat 
in vitro. (A) An ELISA was used to demonstrate direct binding of the 
ARM peptide of Tat with recombinant bromodomain protein. Plates 
were coated with the bromodomain and incubated with biotinylated 
ARM peptide corresponding to Tat amino acids 43-58 containing either 
acetylated or unacetylated Tat. The binding of the peptide to the 
plate was measured with streptavidin-HRP and a colorimetric assay. A 
representative experiment is shown (duplicates). (B) Recombinant 
GST-PCAF bromodomain or GST protein was incubated with fully 
synthetic Tat proteins (non-acetylated or acetylated on K50). 
GST-PCAF and GST proteins were bound to glutathione beads, 
washed and eluted in Laemmli buffer. Eluted proteins were analyzed 
by silver staining to visualize the eluted GST and GST PCAF BD 
proteins, and by western blotting with an antiserum specific for Tat. 



with previous observations, Tat transactivation in this 
system was inhibited in a dose-dependent manner by 5,6- 
dichlorobenzimidazole riboside (DRB), a CDK-9 inhibitor 
that blocks Tat function (Mancebo et a/., 1997; Figure 3C, 
right panel). Microinjection of an antiserum specific for 
the bromodomain of PCAF inhibited Tat-mediated 
transactivation of the fflV promoter in this system, 
whereas microinjection of the pre-immune serum or no 
antibody had no effect (Figure 3D). Additional control 
experiments were performed to ensure the specificity of 
this inhibition. First, we observed that pre-incubation of 
PCAF BD antiserum with an excess of recombinant PCAF 
BD protein prior to microinjection blocked the suppressive 
effect of this antiserum on fflV transcription (Figure 3E). 
Secondly, we tested the effect of the PCAF BD antiserum 
on another Tat-independent promoter. We used a 
plasmid containing five GaI4 binding sites upstream of 
the thymidine kinase (TK) promoter (Puigserver et al, 
1999). This promoter can be induced transcriptionally by a 
fusion protein between the DNA binding domain of Gal4 
and the transactivating domain of VP 16, but not by the 
DNA binding domain of Gal4 alone (Figure 3F). 
Microinjection of the anti-PCAF BD antiserum had no 
effect on the transactivation mediated by the GaI4-VP16 
fusion protein (Figure 3G). These experiments demon- 
strate that the bromodomain of PCAF and the ARM region 
of Tat are important for the transactivation of the HTV 
promoter and are consistent with a direct interaction 
between Tat and PCAF mediated by the bromodomain of 
PCAF and acetylated K50 of Tat. 



Direct interaction between acetylated Tat and the 
bromodomain of PCAF in vitro 

As discussed above, preliminary experiments using a 
GST-PCAF bromodomain fusion protein indicated that a 
Tat peptide corresponding to the ARM region of Tat 
(GGLGISYGRKKRRQRRRP) could bind directly to the 
recombinant PCAF bromodomain. 

We demonstrated independently the ability of Tat to 
interact directly with the PCAF bromodomain with two 
distinct biochemical approaches. First, we used the 
recombinant PCAF bromodomain to coat microwell plates 
and tested its ability to bind a biotinylated peptide 
corresponding to amino acids 41-58 of Tat. Reactions 
were developed colorimetrically after incubation with 
streptavidin-horseradish peroxidase (HRP). We detected a 
dose-dependent binding of K50-acetylated Tat peptide. In 
contrast, the same Tat peptide containing unacetylated 
K50 showed lower, dose-independent binding, consistent 
with a non-specific interaction (Figure 4A). To determine 
whether full-length Tat also interacts with the PCAF 
bromodomain, we used a GST-PCAF bromodomain 
fusion protein and two full-length synthetic Tat proteins, 
one unacetylated and the other acetylated at K50. Both 
proteins activated the HIV promoter transcriptional activ- 
ity after microinjection into HeLa cells (M.Ott and 
E.Verdin, unpublished observations), and the chemical 
synthesis ensured the biochemical homogeneity of the 
protein preparations. Both proteins were incubated either 
with purified GST or GST-PCAF bromodomain proteins 
in vitro. K50-acetylated Tat bound to the GST-PCAF 
bromodomain but not to GST alone. This interaction was 
strictly dependent on the presence of an acetyl group on 
K50, since the unacetylated Tat protein did not bind to the 
PCAF bromodomain (Figure 4B). 

Mutations in the PCAF bromodomain and the 
ARM domain of Tat cumulatively inhibit their 
interaction in vivo 

The PCAF bromodomain structure consists of a left- 
handed, four-helix bundle (helices aZ, aA, aB and aC; 
Dhalluin et al, 1999). Analysis of the Tat/PCAF 
bromodomain structure revealed that while the overall 
three-dimensional structure of the bromodomain was 
preserved, the ZA and BC loops, which compose the 
acetyllysine binding site, underwent significant conforma- 
tional changes when bound to Tat. The Tat peptide 
adopted an extended conformation and lay across a pocket 
formed between the ZA and BC loops. The side-chain of 
the acetyllysine residue was located in the protein 
hydrophobic cavity and interacted extensively with several 
PCAF bromodomain residues, including V752, Y760, 
1764, Y802 and Y809. Peptide residues flanking Tat K50 
also contacted the protein. Tat residues G48, R49 and R53 
showed intermolecular nuclear Overhauser effects (NOEs) 
on the protein, while Y47 and Q54 formed extensive pair- 
wise interactions with V763 and E756 of PCAF, respect- 
ively (for full description and discussion of these obser- 
vations, see Mujtaba et al, 2002). In vitro mutagenesis 
analysis of PCAF based on this structural information 
confirmed that residues Y809, Y802, V752 and F748 of 
PCAF were essential for acetyllysine binding, whereas 
V763 and E756 were important for recognition of Tat 
residues Y47, R53 and Q54. Together, these specific 
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Fig. 5. Differential binding of Tat-wt and ARM mutants to the PCAF 
BD and to TAR RNA. (A) HA-PCAF and Tat-FLAG expression vec- 
tors (wild-type or mutant proteins) were transfected in HEK 293 cells. 
In the two upper panels, cellular lysates were directly assayed by 
western blotting (WB) with the indicated monoclonal antibodies (aHA 
for PCAF and aFLAG for Tat) to assess the level of protein expression 
after transfection (Pre-IP Lysate). In the lower two panels, cellular 
lysates were subjected to Tat immunoprecipitation with anti-FLAG 
antiserum, and the immunoprecipitated material was analyzed by 
western blot (WB) with the indicated monoclonal antibodies. 
(B) Binding of Tat-wt and ARM mutants to TAR. Tat and mutant Tat 
proteins were translated and biolabeled in vitro, incubated with a syn- 
thetic RNA corresponding to nucleotides 1-57 of TAR-biotin. After 
incubation, TAR and bound proteins was bound to streptavidin-agarose 
beads, centrifuged and washed. The bound proteins were eluted and 
analyzed by SDS-PAGE and autoradiography. 



interactions result in a highly selective association 
between Tat and the bromodomain of PCAF. 

To examine the in vivo relevance of these amino acids to 
the binding of Tat to PCAF in vivo, we introduced point 
mutations in PCAF at positions 809 ( Y809A), and 763 and 
802 (V763+Y802A) with the aim of destabilizing the 
Tat-PCAF interaction. We also introduced corresponding 
mutations in the Tat protein at amino acids that participate 
in the interaction with the bromodomain of PCAF (Y47A, 
R53A, R53E and Y47A+R53A). These constructs were 
co-transfected into HeLa cells, and the Tat-PCAF inter- 
action was tested after immunoprecipitation of Tat. All 
recombinant proteins, Tat and PCAF, wild-type and 
mutants, were expressed at the same level after transfec- 
tion (Figure 5A). Tat-wt immunoprecipitated PCAF and 
PCAF-bromodomain mutants (V763+Y802A and Y809) 
to nearly the same extent (Figure 5). Introduction of 
mutations in Tat in amino acids involved in bromodomain 
recognition (Y47A, R53A, R53E and Y47A+R53A) 
significantly reduced the ability of Tat to immunopre- 
cipitate wild-type PCAF (Figure 5). Combining Tat 
mutations with PCAF mutations completely abolished 
the Tat-PCAF interaction (Figure 5). This experiment 
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Fig. 6. Functional synergy between Tat and PCAF is disrupted by 
mutations that inhibit interactions between the PCAF bromodomain and 
acetylated Tat. (A) Tat-FLAG-expression vectors and mutants were 
fused to the NLS of the SV40 large T antigen and transfected into 
Jurkat cells with the LTR-Iuciferase reporter construct. Similar results 
were obtained with expression vectors for Tat proteins not fused to the 
SV40 large T antigen (data not shown). (B) Expression vectors for Tat 
and mutants and PCAF were co-transfected into HeLa cells with the 
LTR-luciferase reporter construct. Cells were harvested after 24 h, and 
luciferase activity was measured. Luciferase values are the mean ± 
SEM of three independent transfections. (C) Expression vectors for Tat 
and PCAF were co-transfected into HeLa cells with the LTR-luciferase 
reporter construct. Cells were harvested after 24 h, and luciferase 
activity was measured. Luciferase values are the mean ± SEM of three 
independent transfections. 

confirmed the crucial role of the PCAF bromodomain and 
the Tat ARM domain in the PCAF/Tat interaction. Amino 
acids defined as critical by structural analysis and by 
in vitro binding assays are also critical for Tat-PCAF 
interaction in vivo. 

Since the region targeted by our mutations is also 
involved in RNA binding of Tat to TAR, we assessed the 
effect of each mutation on TAR binding. In vitro translated 
Tat-wt was incubated with a synthetic TAR RNA incorp- 
orating a biotin label at its 5' extremity. The TAR RNA 
was bound to agarose-streptavidin beads, centrifuged and 
the bound protein eluted by boiling in Laemmli buffer. The 
eluted material was analyzed by SDS-PAGE analysis 
followed by autoradiography. This analysis showed that 
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three mutants, K50/51RR, Y47A and R53A, showed 
relative increased binding to TAR. In contrast, the two 
remaining mutants, R53E and Y47A/R53A, showed 
moderately decreased binding (40%) in comparison with 
Tat-wt (Figure 5B). 

Mutation that suppress the Tat-PCAF 
interaction in vitro and in vivo also inhibit 
Tat-mediated transactivation 

To further define the role of the Tat-PCAF interaction in 
relation to the Tat-mediated transactivation process, we 
examined the effect of the same Tat and PCAF mutations 
on Tat transactivation. First, we examined the effect of 
these mutations without adding exogenous PCAF. Since 
the ARM region studied here is also the nuclear/nucleolar 
localization signal, mutations in this domain might 
interfere with the subcellular localization of Tat. To 
exclude this possibility, all transfections were performed 
both with Tat-FLAG constructs and with fusion constructs 
in which the nuclear localization signal of SV40 large T 
antigen was added to the N-terminus of Tat-FLAG (NLS- 
Tat). NLS-Tat protein was fully competent to activate the 
HIV promoter (Figure 6A), and all mutants in the ARM 
domain of Tat expressed as NLS fusion proteins were 
transported to the nucleus with the same efficiency, as 
determined by immunofluorescence microscopy (data not 
shown). Both individual and combined mutations in the 
ARM domain of Tat inhibited the transcriptional activity 
of NLS-Tat on the HIV LTR with the following efficiency 
R53E > Y47A+R53A > Y47A > R53A (Figure 6A). Since 
a partial defect in RNA binding was noted for both the 
R53E and Y47A/R53A mutants, the defect in transactiva- 
tion is difficult to interpret. However, the R53A and Y47A 
single mutants bound TAR with normal or increased 
affinity; therefore, the defect in transactivation is likely to 
occur as a result of defective PCAF binding. Similar 
results were observed when the same mutations were 
examined in the context of Tat protein not fused to the 
SV40 large T antigen NLS (data not shown). 

Next, we examined the ability of each Tat mutant to 
synergize with PCAF. As shown above, co-transfection of 
Tat with wild-type PCAF led to synergistic activation of 
the HIV promoter (Figure 6B). Mutations in Tat decreased 
the synergy with wild-type PCAF in the same manner as in 
the absence of exogenous PCAF: R53E > Y47A+R53A > 
Y47A > R53A (Figure 6B). Finally, the effect of wild-type 
PCAF and mutant PCAF Y809A were compared both 
in the presence of Tat-wt and mutant Tat proteins 
(Figure 6C). This experiment showed that the PCAF 
Y809 mutation aggravated the defect caused by the Tat 
mutations alone. In fact, transfection of the PCAF mutant 
suppressed Tat-mediated transactivation in comparison to 
the control transactivation (-PCAF; Figure 6C) This 
observation suggest that PCAF Y809A functions as a 
dominant-negative mutant in Tat transactivation and 
suppresses partially the activity of endogenous wild-type 
PCAF. 

Discussi n 

The discovery that the HIV Tat protein is modified by 
reversible acetylation raised new questions regarding the 
mechanism of Tat transactivation. Here, we present 
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evidence that acetylated Tat specifically interacts with 
the transcriptional co-activator PCAF. This interaction is 
direct and mediated by the bromodomain of PCAF, a 
conserved protein module previously described to contain 
an acetyllysine binding pocket for histone peptides 
(Dhalluin et al., 1999). Point mutations of amino acid 
residues Y47 and R53 in Tat or residues V763 and Y802 in 
PCAF severely impaired both the binding of Tat to PCAF 
in vivo and the transcriptional synergy observed between 
the two proteins on the HTV promoter. These findings 
support the model that the recruitment of PCAF by 
acetylated Tat plays an important role in the regulation of 
HTV transcription. 

PCAF was originally identified as a factor that competes 
with El A for binding to p300 (Yang et al, 1996b). PCAF 
exhibits HAT activity (Ogryzko et al, 1996) and resides in 
cells in multiprotein complexes containing other tran- 
scriptional regulatory proteins, including counterparts of 
the yeast ADA2, AD A3 and SPT3 proteins (Ogryzko et al 
1998), histone-Iike TAFs (Ogryzko et al, 1998) and the 
transcriptional co-activators p300 and ACTR/Srcl (Yang 
et al, 1996b; Chen et al, 1997). PCAF is also associated 
with the elongation-competent form of RNA polymerase II 
(Cho et al, 1998) and plays an important role in several 
biological functions, including differentiation, cell cycle 
progression and gene-specific transcriptional regulation. 

Although the acetylated ARM domain and the PCAF 
bromodomain were sufficient to mediate a Tat-PCAF 
interaction, other domains in each protein might further 
contribute to binding of the two proteins in vivo. Tat 
reportedly binds to p300 (Benkirane et al, 1998; Hottiger 
and Nabel, 1998; Marzio etal, 1998), which interacts with 
PCAF (Yang et al, 1996b). However, we have been 
unable to detect p300 in PCAF and Tat co-immunopre- 
cipitation experiments and conclude that p300 does not 
participate in the Tat-PCAF interaction. Benkirane et al 
(1998) reported that PCAF interacts with Tat in GST pull- 
down experiments and synergizes with Tat to activate the 
HIV promoter. The HAT domain of PCAF was essential 
for PCAF-mediated activation of the HIV promoter, and 
this activation was only observed on chromatinized 
templates. Our observations confirm the functional syn- 
ergy between Tat and PCAF and further demonstrate that 
the Tat-PCAF interaction in vitro and in vivo and their 
transcriptional synergy are mediated by the specific 
recognition of acetylated Tat by the PCAF bromodomain. 
In particular, the inhibition of Tat activity by microinjec- 
tion of a specific anti-PCAF bromodomain antiserum 
supports the in vivo relevance of the observed Tat-PCAF 
bromodomain interaction. 

The role of the PCAF HAT domain in the acetylation of 
histones or Tat remains to be investigated further PCAF 
has been reported to acetylate K28 of Tat (Kiernan et al, 
1999). However, a Tat peptide containing acetylated K28 
does not specifically interact with the PCAF bromodomain 
(Mujtaba et al, 2002). We have also observed that 
recombinant PCAF acetylates Tat on K50 in the ARM 
domain with weak efficiency (W.Dormeyer, A.Dorr 
M.Schnolzer and M.Ott, manuscript in preparation)' 
However, given the marked discrepancy in the efficiency 
of Tat acetylation by P 300 and PCAF, we do favor the 
hypothesis that Tat acetylation is mediated by p300. 
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The specific interaction of acetylated Tat with the 
bromodomain of PCAF could modulate the enzymatic 
activity of PCAF on histones or other substrates. Recently, 
another viral transactivator, the protein El A of adeno- 
virus, was shown to bind to several HAT proteins and to 
modulate their enzymatic and biological activities 
(Chakravarti et aL, 1999; Hamamori et aL, 1999). Such 
an effect of Tat on PCAF and other bromodomain- 
containing proteins could potentially explain the pleio- 
tropic effects exerted by Tat on the expression of many 
cellular genes (reviewed in Rosenblatt et aL, 1995). 

While the data presented here establish a potential 
mechanism for the Tat-PCAF synergy, it will be critical to 
determine at what step in the transact] vating process this 
interaction takes place. Our working model is that Tat 
becomes acetylated after binding to TAR and coming into 
close contact with p300 bound to the HTV promoter 
(Marzio et aL, 1998; Ott et aL, 1999). According to this 
model, the interaction between Tat and PCAF is restricted 
to Tat associated with the HIV promoter. It is not entirely 
clear whether PCAF can interact with Tat bound to TAR or 
whether the Tat-PCAF interaction causes Tat to dissociate 
from TAR. In vitro titration experiments indicate that 
PCAF competes efficiently against TAR RNA for binding 
to the K50-acetylated Tat peptide (Mujtaba et aL, 2002). 
In vitro RNA gel shift experiments have also failed to 
show the binding of PCAF to TAR in the presence or the 
absence of Tat, whereas Tat bound to TAR efficiently 
(data not shown). These results imply that the PCAF 
bromodomain interaction with acetylated K50 on Tat may 
lead to the release of acetylated Tat from TAR RNA. Such 
dissociation could help in transferring Tat from TAR onto 
the elongating RNAPII, as reported previously (Wu-Baer 
et aL, 1995; Yang et aL, 1996a; Cujec et aL, 1997). PCAF 
specifically associates with the elongating form of RNAPII 
and is thought to play a role in the hyperacetylation of 
histones in transcribed domains of chromatin (Cho et aL, 
1998). In contrast, p300 is associated with the hypophos- 
phorylated, initiation-competent form of RNAPII (Cho 
et aL, 1998). It is conceivable that acetylated Tat helps in 
the loading of PCAF to the elongating polymerase 
(Wu-Baer et aL, 1995; Yang et aL, 1996a; Cujec et aL, 
1997). According to this scenario, acetylated Tat could 
serve as a specific adaptor between PCAF and the 
elongation-competent RNAPII, thereby facilitating tran- 
scriptional elongation. Future experiments will test this 
hypothesis and should further increase our understanding 
of HIV transcriptional regulation by the transactivator 
protein Tat. 

Materials and methods 

Cells and plasm ids 

HeLa and HEK 293 cells were from the American Type Culture 
Collection, Jurkat 1G5 cells were obtained from Aguilar-Cordova and 
colleagues through the AIDS Research and Reference Reagent Program 
(Division of AIDS, NIAID, NIH). HeLa-Tat cells were a gift from 
P.Krammer, Heidelberg, Germany (Westendorp et aL, 1995). The 
N-terminally HA-tagged PCAF construct was amplified from the PCAF 
open reading frame (ORF) (Yang et aL, 1996b) with a 5' primer 
containing the coding sequence for influenza HA and cloned into pCI 
(Promega). The full-length (101 amino acid) C-terminally FLAG-tagged 
Tat-wt and Tat-RR have been described previously (Ott etaL, 1999). HA- 
PCAF and Tat-FLAG constructs were used as templates for QuickChange 
site-directed mutagenesis with primers carrying the indicated mutations 



(Stratagene). After mutagenesis, the Tat ORF was fully sequenced. For 
PCAF, a PvuU-Kpnl fragment containing the HAT region and the 
bromodomain was subcloned, sequenced and cloned back into the wild- 
type construct. The LTR-luc if erase construct has been described 
previously (Emiliani etaL, 1996). The CMV-GFP construct was obtained 
from Clontech. 

Transfections and lucif erase assays 

Initial co-transfections with Tat-, Tat-RR- and PCAF-expressing 
plasmids were performed in HeLa cells as described previously (Ott 
et aL, 1999). The co-transfections with Tat mutants and PCAF mutants 
were performed in HeLa cells with the calcium phosphate precipitation 
method. Cells were harvested 24 h after transfection of 1.5 \a% of plasmid 
DNA per well (6-well plates) and analyzed for luciferase activity. 
Transient transfections into Jurkat 1G5 cells were performed with 
DEAE-dextran (225 ng of DNA/3 X 10 5 cells). Cells were harvested after 
24 h, and luciferase activity was measured (Ott et aL, 1999). 

Co-immunoprecipitations 

HEK 293 cells were transfected in duplicate with expression vectors for 
Tat-FLAG, HA-PCAF, or empty vector constructs (total 1 (j.g of DNA) 
using 8 \i\ LipofectAMINE reagent (Invitrogen Life Sciences) for 6 h. 
After 24 h, cells were lysed in 250 mM NaCl, 0.1% NP-40, 20 mM 
NaH 2 P0 4 pH 7, 5 mM EDTA, 30 mM sodium pyrophosphate, 10 mM 
NaF and protease inhibitor cocktail tablets (Roche). Duplicates were 
pooled and equal amounts of total protein were immunoprecipitated with 
anti-FLAG (M2; Sigma) or anti-HA (Roche) monoclonal antibodies 
(10 ug/ml each) together with protein G-Sepharose (Amersham 
Pharmacia) for 6 h at 4°C. Pellets were washed five times in lysis buffer, 
resuspended in Laemmli buffer, and analyzed by western blot with anti- 
FLAG (M2; Sigma) or anti-HA (Roche) monoclonal antibodies (10 ug/ml 
each). 

Tat synthesis and purification 

Solid-phase peptide synthesis of full-length 72 amino acid one-exon Tat 
was performed with a sequence derived from the isolate HIV-1 BRU on an 
Applied Biosystems 433A peptide synthesizer by standard Fmoc- 
Strategy, For synthesis of the acetylated Tat protein (N e -Lys50), the N E 
group of K50 was protected by the ivDde group [N e - 1(4,4 dimethyl-2,6- 
dioxocyclohex-l-ylidene)-3-methylbutyl]. To deprotect the ivDde group 
in K50, the peptide was treated with 5% hydrazine in dimethylformamide 
for 5 min and one part of the product was acetylated with acetic 
anhydride. Both acetylated and non-acetylated Tat peptides were fully 
deprotected with trifluoracetic acid, containing 3% triisopropylsilane and 
5% water. The peptides were purified to homogeneity by reverse-phase 
high-pressure liquid chromatography. The correct molecular weights of 
8340 Da for the Tat and 8382 Da for the acetylated Tat were established 
by positive-ion ESI mass spectra recorded on an ion trap Finnigan LCQ 
mass spectrometer. 

Antibody generation and use 

Recombinant CBP and PCAF bromodomain proteins were generated as 
previously reported (Dhalluin etaL, 1999). PCAF bromodomain protein 
was conjugated to activated keyhole limpet hemocyanin (Pierce). CHB 
rabbits were immunized subcutaneously with 150 p,g of conjugated 
protein in complete Freund's adjuvant (Sigma) followed by four boosts in 
incomplete Freund's adjuvant. Immunoglobulin G (IgG) fractions were 
purified with Gammabind plus Sepharose (Amersham Pharmacia 
Biotech). For ELISA, recombinant PCAF BD or CBP BD proteins 
were coated overnight at 4°C on Maxisorp polystyrene plates (Nalge 
Nunc International) and blocked with milk (5% skimmed dry milk in 
T-TBS). After incubation with anti-PC AF BD lgGs at the indicated 
concentrations, reactions were developed with 10 \ig/m\ anti-rabbit 
IgG-HRP (Jackson ImmunoResearch Laboratories) and 5 mg of 
orthophenylenediamine dihydrochloride (OPD)/ml H 2 0 (Sigma) as a 
colorimetric reagent. Reactions were stopped after 30 min, and 
absorbances read at 492 and 620 nm on a Multiskan MS ELISA plate 
reader (Labsystems). For western blot analysis, 50 ng of total cell lysate 
of HEK 293 cells transfected with HA-PCAF or the vector control were 
analyzed by SDS-PAGE and developed with anti-PCAF BD antiserum 
(1:100) or anti-HA monoclonal antibody (Roche). 

Microinjection experiments 

Subconfluent HeLa-Tat cells (70%) were grown on Cellocate coverslips 
(Eppendorf) and microinjected at room temperature with an automated 
injection system (Carl Zeiss). Samples were prepared as a 20 jil 
injection mix containing the LTR-luciferase (100 ng/ml) and CMV-GFP 
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(50 ng/ml) constructs together with 5 mg/ml anti-PCAF BD IgGs or pre- 
immune IgGs. Live cells were examined on a Zeiss Axiovert microscope 
to determine the number of GFP-positive cells. Four hours after injection, 
cells were washed in cold phosphate buffer and processed for luciferase 
assays (Promega). 

ELISA 

Microwell plates were coated with the PCAF bromodomain (1 u.g/ml in 
10 mM Na or K phosphate, pH 7.0) for 2 h at room temperature. Non- 
specific binding sites were saturated with a 10% bovine serum albumin 
(BSA) solution in binding buffer (100 mM Na or K phosphate, 100 mM 
NaCl, 5 mM dithiothreitol) for 2 h at room temperature. Wells were 
washed twice with binding buffer containing 0.1% BSA and 0.05% 
Tween-20 (washing buffer). Increasing concentrations of the Tat peptide 
(biotin-GGLGISYGRKSOKRRQRRRP, acetylated on K50 or not) was 
allowed to bind overnight at 4°C. Samples were washed four times with 
washing buffer. Bound peptide was revealed by incubating with a 0.1 ng/ 
ml solution of streptavi din-conjugated HRP for 1 h at room temperature, 
followed by washes and incubation with tetramethyl benzidine (TMB) as 
an HRP substrate (Pierce). The reaction was stopped before saturation of 
the colorimetric reaction by adding 2 M H 2 S0 4 . The absorbance of the 
colored product was measured at 450 nm. Absorbance in each well was 
corrected for the blank obtained in a corresponding well subjected to the 
complete procedure but containing no PCAF BD. Results are the average 
of duplicate samples in one representative experiment. 

Tat-PCAF interaction in vitro 

Purified GST-PCAF bromodomain proteins (1 u\g) were incubated with 
full-length synthetic acetylated or non-acetylated Tat proteins (5 u.g) in 
binding buffer (97.6 mM NaH 2 P0 4 , 12.4 mM Na 2 HP0 4 , 250 mM NaCl, 
30 mM Na pyrophosphate, 5 mM EDTA, 10 mM NaF, 0.1% NP-40) for 
10 min at 30°C. Precleared and blocked (3% BSA) glutathione beads 
(Pharmacia) were added to the above mixture for another 30 min at 4°C, 
washed extensively and resuspended in Laemmli buffer. Binding of Tat to 
the GST-PCAF bromodomain was analyzed by silver staining or by 
western blot with a guinea pig anti-Tat antibody. 

Tat-TAR binding in vitro 

Streptavidin-Sepharose beads (Amersham Pharmacia Biotech, Uppsala, 
Sweden) were blocked for 1 h at 4°C in binding buffer containing 3% 
nuclease-free BSA (Amersham Pharmacia Biotech). After equilibration 
in binding buffer, 30 \l\ beads were incubated with 0.5 |ig biotinylated 
TAR element (biotin-AATTCCAGATCTGAGCCTGGGAGCTCTCT- 
GGA; Xeragon, Zurich, Switzerland) and incubated for 1 h at 4°C TAR 
bound to beads was mixed with 2 uJ lysates from Tat expression plasmids 
w vitro translated in the presence of 20 uTi [ 35 S] methionine (Amersham 
Pharmacia Biotech) using the TNT T7 coupled reticulocyte Lysate 
System (Promega, Madison, WI). Reactions were incubated for 10 min at 
30°C and twice washed with binding buffer prior the addition of loading 
buffer. Proteins were separated by SDS-PAGE, fixed and amplified 
(Amplify; Amersham Pharmacia Biotech) for 30 min, dried and exposed 
to a BioMax MR film (Kodak, Rochester, NY). 
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